The reduction by propylene of the rate of pressure increase in the decom position of propaldehyde at 550° has been shown by chemical analysis to represent a true inhibition of the reaction, and not to be due n an im portant degree to an induced polymerization of the propylene.
Since the decomposition of organic substances by free radical chain mechanisms was postulated (Rice & Herzfeld 1934) , the detection of these chains has been a major problem. Staveley & Hinshelwood (1936 a, c, 1937 found th a t the rate of decomposition of some organic substances was considerably reduced by very small amounts of nitric oxide, which was assumed to break chains by combining with the free radicals. Increasing small amounts of nitric oxide reduce the rate to a limiting value which was believed to be the rate of an independent non-chain process. Still larger amounts of nitric oxide usually cause positive catalysis, which, however, is usually too small to affect the measurement of the maximum inhibition.
That nitric oxide can thus detect the presence of chains seems to.be generally accepted. But the possibilities remain (1) th a t some radicals combine with nitric oxide too slowly for appreciable inhibition, and (2) th a t nitric oxide starts chains as well as stopping them. Rice & Polly (1938) assume th at the maximally inhibited reaction is itself a modified chain mechanism in which the nitric oxide plays an essential part.
Thus two matters remain in some doubt: whether lack of inhibition is evidence of a non-chain reaction, and whether the maximally inhibited reaction is itself an internal rearrangement reaction or still a modified chain reaction. Rice & Polly (1938) observed th at propylene lowers the rate of pressure change during the decomposition of several organic substances, and sup posed th at it acted as an inhibitor by combining with active free radicals. The present series of papers studies this effect in detail for three typical reactions, namely, the thermal decompositions of diethyl ether, propaldehyde and acetaldehyde. The first two are known to be partially inhibited by nitric oxide (Staveley & Hinshelwood 1937 6) , and a quantitative com parison of the behaviour of nitric oxide with th a t of propylene might be expected to throw light on the questions raised above. I t was proposed first to determine whether the limiting rate reached with nitric oxide bears any definite relation to th at reached with increasing amounts of propylene.
I t was first necessary to show th at the effect of propylene on the rate of pressure increase is a true reduction in the rate of decomposition, and not an illusory effect due to a polymerization of the propylene which superposes a pressure decrease on the normal increase. Direct chemical analysis was made by the method of Friedmann, Cotonio & Shaffer (1927) of the un changed propaldehyde a t various stages of the decomposition in presence of propylene. The results (table 1) show th at even with considerable amounts present, a pressure increase of 1 mm. corresponds to the decom position of nearly 1 mm. of the aldehyde, as is found with the pure substance (Hinshelwood & Thompson 1926) , and as is found with acetaldehyde (see later). In view of this result, rates of reaction will be given as the reciprocal of the time for a pressure increase of 50 % of the initial pressure. The rate of decomposition is considerably reduced by the addition of propylene, both with ether (table 2, figure 1) and with propaldehyde (table 3, figure 2). As with nitric oxide, there is first a fall in rate to a well-defined limit which cannot be further reduced, and later, with large amounts of propylene, an increase. With ether this increase is too gradual to affect appreciably the estimated value of the limiting rate. With propaldehyde, however, the amount of propylene needed to cause a given degree of inhibi tion is greater, and the secondary effects caused by the large amounts of propylene somewhat obscure the limit, though for the higher initial pressures of the aldehyde the effect is not serious (figure 2).
The parallel experiments with nitric oxide, made under identical con ditions, are recorded in tables 4 and 5. To minimize the effect of the secondary pressure increase a large initial pressure (300 mm.) of propaldehyde was used.
Propylene is much less efficient as an inhibitor than nitric oxide. To compare the shapes of the inhibition curves, therefore, the pressure scales have been adjusted in the figures.
The results, as shown in the diagrams, reveal th a t propylene and nitric oxide appear to reduce the rates of decomposition to the same limiting values. This im portant experimental fact shows th at the limiting rate is in all probability not an arbitrary value depending on the relative ability of the inhibitor to start and stop chains, but is the rate of an independent residual reaction in which the inhibitor itself does not play an essential part.
An alternative explanation would necessitate three assumptions: (1) th a t propylene could start chains in the manner assumed by Rice & Polly for nitric oxide; (2) th a t the relative ability of propylene to start and stop chains is almost identical with th a t of nitric oxide; (3) th a t this coincidence occurs both with ether and with propaldehyde. These assumptions would be rather arbitrary.
This conclusion is substantiated by the further result th a t the decom position of propaldehyde maximally inhibited by nitric oxide cannot be further reduced in rate by the addition of propylene (table 6), as might be expected if the maximally inhibited reaction were a modified chain reaction. The only effect observed is a gradual increase in rate comparable with the secondary increase observed in the inhibition by propylene alone. Since the maximally inhibited reaction seems not to be a modified chain reaction characteristic of the particular inhibitor, the only remaining possibilities seem to be: (1) a non-chain internal rearrangement process, (2) a different chain process whose radicals are not absorbed either by nitric oxide or by propylene. Of these the first seems the more likely.
The behaviour of acetaldehyde with nitric oxide seemed at first to be in conflict with this conclusion, but the further investigations described in part IV have largely removed the discrepancy. That portion of the decomposition of diethyl ether which is subject to inhibition by nitric oxide has two important characteristics: (a) it is nearly of the first order; and (6) if pi s the rate with a given amo Pq th a t with none and p^ the limiting rate, then (p-p^)/(pQ -p^) plotted against [NO], the 'inhibition curve', is the same for all initial pressures of ether, (a) is consistent with a chain mechanism of the general type exempli fied by equations (l)- (4) (6) requires th a t the chains are chiefly broken by a reaction of type 5, the radical which is chiefly attacked by the nitric oxide being th a t which norm ally undergoes the unimolecular decomposition in reaction 2 (Hobbs 1938). The inhibition curves obtained with propylene as inhibitor are given in figure 3 (data in table 7). In contrast with the nitric oxide curves, the propylene inhibition curves depend markedly on the initial pressure of the ether. This result can be explained by assuming th at propylene reacts with both types of free radical present, namely, the CH3 type and the CH2OC2H 6 type. This follows from the ordinary steady state calculations (see Hinshelwood 1940, pp. 89, 127) . I f the inhibitor is assumed to combine only with the CH2OC2H 5 type radical, then (p-p<x>)/(Po-Poo) is a function of the concentration of the inhibitor but not of the initial pressure of the ether: if the inhibitor combines with the CH3 type radical, then this expression is a function of the concentration of the inhibitor divided by th a t of the ether. The results With propylene are intermediate between these two ideal cases. Combination of propylene with both types of free radical may therefore be assumed to contribute to the chain breaking. As to the cause of this contrast, it is reasonable to suppose th a t with nitric oxide the chains end mainly by its combination with the larger radicals, reaction 2 being sluggish compared with reaction 3, so th a t a larger concentration of the heavier radicals is exposed to the attack. Pro pylene may well be less ready to combine with these large radicals, and consequently exerts relatively more of its effect on the lighter ones, although these are present in small concentration-greater concentrations of pro pylene being in fact required to produce the same degree of inhibition as nitric oxide.
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The detection and inhibition of free radical chain reactions
P art III. I nh ibitio n curves for the thermal decomposition OF PROPALDEHYDE IN PRESENCE OF PROPYLENE
The thermal decomposition of propaldehyde is inhibited by propylene. The inhibited reaction is of an order between the first and the second. The 'inhibition curves', like those for the ether-propylene system and unlike those for the ether-nitric oxide system, depend upon the initial pressure of the propaldehyde.
The inhibition by nitric oxide and by propylene show th at the decom position of propaldehyde is at least partly a chain reaction. Detailed experi mental results concerning the mechanism are lacking. Measurements are now available on the inhibition of the reaction by propylene. The determination of the limiting rate, for low pressures of prop aldehyde is made rather difficult by the secondary pressure increases occurring with large amounts of propylene. Nevertheless, it can be esti mated with reasonable accuracy. Results for a series of initial pressures are given in table 8 and figure 4. This figure also includes (1) estimated values of the limiting rate of the reaction in presence of nitric oxide (from the results of Staveley & Hinshelwood 1936 c) , and (2) the rates of the un inhibited reaction . The apparent divergence of the two limiting rates a t low initial aldehyde pressures may well be due to the errors of estimation. From figure 4 it can be seen (a) th a t the maximally inhibited reaction is of an order between the first and the second, and (6) th a t the inhibitable chain reaction is nearly of the first order (see also part V). Figure 5 shows the separate ' inhibition curves ' found for each of several initial pressures of propaldehyde. The order of a chain reaction and the character of the inhibition curves depend upon the mechanism of chain ending (Hinsheiwood 1940) . Of the three common types, (1) bimolecular combination of like radicals, (2) bimolecular combination of two unlike radicals, as in the diethyl ether mechanism cited in part II, (3) termolecular combination of like radicals, the last is most consistent with the experimental facts for propaldehyde (compare part V). Previous evidence has clearly shown that the uninhibited decomposition of acetaldehyde is a composite reaction. The reaction maximally inhibited by propylene, probably an independent molecular reaction, has simpler kinetics: it is more nearly of an integral second order, the activation energy does not vary with pressure, and the rate corresponds to that of a colli sional activation process with the activation energy in two square terms.
The inhibitable part of the reaction, taken to be the chain reaction, depends upon aldehyde and propylene pressure in such a way as to indicate that ternary and binary chain ending processes both occur. This explains the retarding effect of the reaction products which has hitherto been unaccounted for.
A theoretical chain mechanism for the decomposition of acetaldehyde was suggested by Rice and Herzfeld (1934) Fletcher & Hinshelwood (1933) found the order of the acetaldehyde decomposition to be variable, and postulated the existence of several simul taneously operating decomposition mechanisms (one or more of which, as is now clear, might have been chain reactions). This view was supported by the gradual variation in order in the series of aldehyde decompositions (Hinshelwood, Fletcher, Verhoek & Winkler 1934) and by the variation of the activation energy with the initial pressure (Fletcher & Hinshelwood 1933; Smith 1939) .
Against the chain theory were the arguments: (1) no inhibition by nitric oxide was observed by Staveley & Hinshelwood (1936 c) ; (2) direct measure ments of radical concentration by the para-hydrogen method indicated too few radicals for the required chains (Patat & Sachsse 1936); (3) no appreciable inhibition was produced by the presence of ethylene (Smith 1939); a simi larity existed between the normal decomposition of acetaldehyde and the maximally inhibited decomposition of benzaldehyde, neither of which apparently suffered further inhibition by nitric oxide (Smith & Hinshelwood 1940) .
Further evidence has now been sought by a more detailed study of the effect of propylene on the decomposition of acetaldehyde. corresponds to a decomposition of 1 mm. aldehyde, as in the decomposition of the aldehyde alone (Winkler & Hinshelwood 1935 ). This constitutes positive evidence for a chain reaction, and appears to be in conflict with the lack of inhibition by nitric oxide observed by Staveley & Hinshelwood (1936 c) . A reinvestigation has therefore been made of the effect of nitric oxide (table 12, figure 7 ). At moderate initial pressures of aldehyde no Repetition of previous experiments (Smith 1939), which showed in appreciable inhibition by ethylene, now show th a t under comparable con ditions propylene is nearly 100 times more effective as an inhibitor than ethylene. (As to the probable reason for this compare Danby & Hinshelwood 1941.) By analogy with ether and propaldehyde we may assume th a t the reaction maximally inhibited by propylene represents a non-chain decom position of acetaldehyde: the properties of this reaction now become of great interest. Table 10 and figure 6 show th a t the limiting rates are well defined, although a t the lower partial pressures of the aldehyde there is some inaccuracy introduced by the secondary pressure changes occurring with large amounts of propylene.
The limiting rates for a series of initial aldehyde pressures are given in table 14 and figure 8: the variation of the limiting rate, for various pressures, with temperature is given in table 15 together with the activation energies calculated by the method of least squares. The kinetics of the inhibited reaction are, as m ight be expected, rather simpler th an those of the composite reaction. The order, as shown by the relation of rate and pressure in figure 8 , is more nearly of the second orderand might even be precisely and integrally of this order if the inaccuracies attending the determ ination of the limiting rates could be entirely removed. The activation energy, unlike th a t of the to tal reaction, no longer varies with pressure. Its constancy is most clearly shown by the constancy with tem perature change of the ratio of the rates a t 75 and 350 mm. initial aldehyde pressure (table 15) . W ith the activation energy given in the table the rate of the maximally inhibited reaction is approxim ately th a t of a collisional activation with the energy in two square terms ( The inhibitable portion of the reaction, the chain mechanism, can be seen from figure 8 to be of the first order at higher pressures and to change towards a higher order a t lower pressures.
The inhibition curves with propylene are not of the ether-nitric oxide type, but vary with the initial aldehyde pressure (table 17, figure 9 ). These facts are most simply accounted for by the hypothesis th a t a t the higher pressures the chains end by a termolecular process (first order reaction, inhibition curve a function of the aldehyde pressure), while at lower pres sures there is appreciable probability of bimolecular chain ending (3/2 order reaction, inhibition curve still a function of the aldehyde pressure). This is further considered in connexion with other aldehydes in P a rt V. The contribution from termolecular chain ending processes would explain the slight inhibition of the reaction by its products (Letort 1937; Smith 1939) , which increase the termolecular collisions. The effect was until now inadequately explained. W ith the hypothesis th at propylene and nitric oxide repress radical chains leaving an independent molecular reaction, a coherent picture can be formed of the decomposition mechanisms of simple aldehydes, which now show greater uniformity. The non-chain reactions seem to depend upon a bimolecular collisional activation, with superposition of more complex modes with the larger molecules. The chain mechanisms appear to be of two simple types distinguishable by a detailed study of the action of inhibitors.
The hypothesis th a t the decomposition of aldehydes, maximally inhibited by nitric oxide or by propylene, is a molecular process, while the inhibitable p art of the reaction is an independent chain process leads, now th a t acetalde hyde can be brought into the scheme, to a picture of the kinetic relations which, if not final, is a t least clearer and more coherent than before.
initial pressure (mm.) F igure 10. Rate of the normal formaldehyde decomposition and of the maximally inhibited decompositions of other aldehydes at 550° C. (Open circles, HCHO; horizontally divided circles, CHsCHO; vertically divided circles, C2H 5CHO; black circles, C6H 6CHO.) From the results of parts I-IV and of earlier papers the figures 10 and 11 have been constructed. Figure 10 gives the rates of the maximally inhibited reaction as a function of pressure for acetaldehyde, propionic aldehyde and benzaldehyde. The reactions are seen all to approximate to the second order, though by no means exactly. They do this, however, much more closely than the uninhibited reactions. The results for the normal decom- position of formaldehyde are included in the same diagram. This reaction appears to be integrally of the second order and free from chains. The greater regularity which now appears for the different aldehydes lends support to the initial hypothesis.
For formaldehyde and acetaldehyde the rates are of the same magnitude as the rate of a simple collision mechanism with the activation energy in two square terms: a mechanism which is consistent with the nearly second order nature of the decompositions. For benzaldehyde and propaldehyde the activation energies are higher, and the rates of reaction cannot be accounted for by activation in two square terms only. The operation of more complex activation mechanisms is perhaps revealed also in the deviation from the second order. The hypothesis of several modes of activation may still prove necessary to explain the results completely, even for the molecular part of the reaction. Complexity is also suggested by the variation with initial pressure of the activation energy for the maximally inhibited reaction of propaldehyde (Staveley & Hinshelwood 1936 c) and of benzaldehyde (Smith & Hinshelwood 1940 ), an effect not observed with the maximally inhibited decomposition of acetaldehyde. For the series as a whole, however, there is now a closer approach to the original picture of a bimoleeular collisional activation which Hinshelwood & Hutchison (1926) based upon the study of acetaldehyde a t initial pressures where the con tribution from the chain reaction is relatively less. W ith regard to the kinetics of the chain processes, in figure 11 are plotted the differences between l/f50 for the total reaction and for the maximally inhibited reaction. Although these are not strictly rates of the chain reaction, they are a close enough approximation to them for the diagram to leave little doubt th a t in all the reactions there is an approach to the first order. The fact th a t all the reactions yield the same result supports the hypothesis th at the inhibitor does in fact isolate a separate reaction, and th a t the rate measured is not simply th a t of an arbitrarily modified chain reaction.
For the possible chain mechanisms there are two main types, already suggested for acetaldehyde and for benzaldehyde:
A. (1) The essential differences from the kinetic point of view are th a t in B the spontaneous decomposition of one of the participating radicals is one of the rate determining steps, absent in A : and th a t in A there is the recombination of two like radicals, while in B there is recombination of two unlike radicals.
To distinguish between the two types there is the evidence (a) of the reaction order and (6) of the dependence of the ' inhibition curve ' on the initial pressure of aldehyde.
A, with 3 as the chain ending step, gives a reaction of order 3/2: with 3a, the first order. I t gives inhibition curves which depend upon the initial pressures. B gives the first order and inhibition curves independent of the initial pressure. W ith acetaldehyde and propaldehyde the inhibition curves are functions of the initial pressure and the order a t higher pressures is nearly the first. This strongly points to type A, with termolecular collisions playing the main role in the chain breaking a t higher pressures, a conclusion supported by the appreciable inhibition of the reaction by its products.
W ith benzaldehyde the inhibition curves coincide for different initial pressures and a mechanism of type B must be assumed to predominate. Probably each type of mechanism contributes in some degree with each aldehyde, the difference in reactivity of the alkyl radicals and of the phenyl radical being quite enough to explain why the preponderance is shifted on passing from the aliphatic to the aromatic series. Significance tests for the introduction of one new function or two ortho gonal new functions to represent a series of measures have previously been derived as approximate formulae. The exact formulae have now been reduced to single integrals involving only the number of observations and one function of the measured values, and their evaluation has been carried out. The approximate formulae are as accurate as we need when the number of observations exceeds the number of unknowns by about 6, but the extended calculation also gives the results when the difference is smaller. An approximate treatment is given for the case where the normal equa tions for two harmonics are nuc orthogonal in the coefficients and the weights unequal. This is the usual practical case. The solution for the symmetrical case, which has been done accurately, can be adapted to the general one by including two extra factors, of which one is calculated and the other can easily be found in any given problem.
1. Most of the significance tests th a t I have developed (1939) are reduced to reasonably compact approximate formulae, valid when the number of observations is large. The only problems where exact formulae in finite terms have been obtained are for the comparison of a sampling ratio with
